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Abstract. Semiconductor nanowires (NWs) possess a fascinating ability
to efficiently collect and trap light into a sub-wavelength volume due to
the occurrence of leaky mode resonances. The same confinement ability
is manifested by metal nanostructures thanks to the excitation of surface
plasmons. Combining the two systems, we show how light absorption in
individual NWs can be spectrally tailored and enhanced by decorating them with
metal nanoparticles. This is demonstrated by means of scanning photocurrent
measurements on individual NWs and interpreted by full-field simulations.
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1. Introduction
The optical properties of semiconductor nanowires (NWs) and microwires are currently the
focus of attention because of their potential applications in a variety of opto-electronic devices
[1–3], such as the photovoltaic [4–6], photo-detectors [7], optical switches [8], antennas
[9, 10], meta-materials [11–13] and thermal emitters [14]. The possibility of manipulating light
interaction with nanoscale objects has fascinated the whole nanoscience and nanotechnology
community. For example, it has recently been shown that the spectral dependence of light
absorption in an NW can be strongly influenced by its diameter [15, 16]. This is related to
resonant optical phenomena that were predicted by Mie in the case of spherical particles in 1908
[17]. The high-refractive-index NW forms a cavity in which light can circulate by multiple total
internal reflections from the boundaries often referred to as leaky mode resonances (LMRs)
[18]. The same ability to confine and trap light in a deep sub-wavelength region is shared
by metal nanostructures thanks to the excitation of collective electron oscillations known as
surface plasmons (SPs) [19]. Plasmon-driven light enhancement effects can lead to a substantial
increase in the local density of optical states, which is exploited to boost light absorption in
solar cells [20–22] and detectors as well as luminescence [23]. Additionally, the coupling of
plasmon resonances with organic and inorganic materials has been used to increase the Raman
tensor by several orders of magnitude (surface-enhanced Raman scattering). This has enabled
single-molecule detection and opened a new field of research [24]. A hybrid system formed
by semiconductor NWs and metal nanoparticles implies the additional possibility of light
absorption by the coupling of plasmon excitations in the metal with the absorption resonances
of the NW. Recently, it has been shown that this system can result in the local enhancement of
photocurrent of very-small-diameter NWs [25].
The scope of this paper is to study how NW leaky modes can be modified by interaction
with metal particles in a general way. In the case of NWs decorated with metallic particles, we
show how the symmetry of the wire and the particle modes plays a critical role in the optical
interaction between these objects. For this reason, each NW mode is affected in a different
way, with the generation of an enhancement, suppression or shift in the resonant position and
intensity. More specifically, we conduct studies on a single GaAs core-shell p–i–n junction.
This allows for a direct comparison to full-field simulations without the challenges involved
in ensemble averaged measurements. The results are also directly applicable to real NW-based
photovoltaic devices and detectors. Spectral photocurrent measurements on bare NWs and with
the presence of metal particles on the top or side facets are carried out and analyzed in detail
with full-field simulations.
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3This paper is divided into three parts. In the first, the details of the growth of NWs,
along with the procedure for sample preparation, are given. In the second, the light absorption
properties of bare NWs are discussed and explained considering the interference with the cavity
created in the underlying SiO2 layer. Using the knowledge developed for bare NWs, it is finally
possible in the third part of the paper to analyze the effect of the metal particles. The effect of
their exact location on the NW surface is investigated in great detail and, using simulation, we
demonstrate that it is critical to control the spacing between the metal particle and the NW to
obtain large absorption enhancements.
2. Sample preparation and experimental methods
Thanks to advances in the understanding of growth mechanisms [26–31], NWs can now be
obtained in a variety of materials with excellent control of the morphology, doping concentration
and crystal structure. This has led to the possibility of studying novel fundamental phenomena
and to the reliable fabrication of NW-based devices [32–34]. Among the devices are radial p–n
junctions, which are believed to play a role in third-generation solar cells [35]. Recently, we
showed that self-catalyzed growth of NWs with molecular beam epitaxy (MBE) can be obtained
with extremely homogeneous core-shell hetero-structures and with excellent optical properties
[36, 37]. We have also demonstrated the fabrication of highly efficient p–i–n junctions [38].
As will be shown in the following, the control of homogeneity in the diameter and core-shell
structures is an essential part of this study that otherwise could not be conducted.
The GaAs p–i–n NWs are grown on a silicon substrate by the MBE method. The core is
obtained via a self-catalyzed vapor liquid solid process [30], with a nominal Ga growth rate of
0.27µm h−1, for 45 min, at T = 630 ◦C and a V/III ratio of 60. The p-doping is achieved with a
beryllium flux corresponding to a doping level of 3.5× 1019 atoms cm−3 for planar growth. The
diameter of the core is about 120 nm. After the growth of the doped core, the MBE conditions are
switched from axial to radial growth: the substrate temperature is lowered down to 460 ◦C, the
As source is switched from As4 to As2 and the V/III ratio is increased to 150 [39, 40]. After the
growth of 30 nm without any intentional impurity to create an intrinsic layer, a 60 nm n-doped
shell is grown, using silicon as a dopant, with a nominal concentration of 5× 1018 atoms cm−3.
The overall diameter of the final structure is about 300 nm, while the length is approximately
10µm.
The devices were prepared by transferring NWs to an oxidized Si substrate with 1µm layer
of SiO2. The electrical contacts to the p and n parts were realized in a double-step electron beam
lithography (EBL) procedure. Ag nanoparticles with ∼100 nm diameter were also defined by
EBL. A thin layer of 7 nm of SiO2 was evaporated between the NW and the metal particles
in order to avoid damping of the SP resonance by the absorbing semiconductor [41], thereby
maximizing the optical interaction between the metal particle and the NW. An illustration of the
final device is presented in figure 1(a). The different colors of the NW represent the different
dopings: green for the n-shell and red for the p-core. A scanning electron microscopy (SEM)
image of the nanoparticles deposited on the NW is shown in the inset of figure 1(a), while a
typical device is shown in figure 1(b).
The absorption properties of the NWs were investigated experimentally by scanning
photocurrent measurements. A laser focused to a spot of about 1.5µm was scanned across
the device and the short circuit current produced was acquired at each position. The excitation
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Figure 1. (a) Illustration of a contacted radial p–i–n junction GaAs NW. The
different colors of the NW represent the regions with the different doping, green
for the n-shell and red for the p-core. An array of metal particles is deposited
on top of the NW. A current meter is connected in series to measure the short
circuit current produced when a focused laser beam is scanned over the structure.
The inset shows an SEM image of the array of particles deposited on the NW.
(b) An SEM image of a typical device is shown in the top left corner of the
picture. The other images show examples of photocurrent maps (x and y are
spatial coordinates while the color map represents the intensity of the measured
short circuit current) with all the possible effects induced by the metal particles:
absorption suppression at λ= 700 nm, enhancement at λ= 860 and no effect at
λ= 490 nm.
source was a white light super-continuum source (Fianium) coupled to an acousto-optic tunable
filter. The incoming wavelength was tuned from 480 to 880 nm with steps of 10 nm. Top-
illuminated, bare NWs can exhibit enhanced absorption due to the excitation of transverse
electric (TE) LMRs with the electric field normal to the wire axis and transverse magnetic (TM)
LMRs with the magnetic field normal to the wire axis. When the diameter of the NW is larger
than 200 nm the light absorption enhancement in TE or TM polarization is of similar magnitude
and nature. For this reason, in this paper we focus only on the TE polarization case. Our devices
consist of a contacted p–i–n junction with a 2µm long array of nanoparticles in the middle.
The current–voltage characteristic curve of these devices exhibits rectifying behavior, as shown
in the supplementary material (available from stacks.iop.org/NJP/13/123026/mmedia). The
distance between the contacts is about 7µm. This leaves enough space between the nanoparticle
array and the contacts, so that we can distinguish the photocurrent response between regions
with and without particles. Typical photocurrent maps of a device at different wavelengths
are shown in figure 1(b). For certain wavelengths such as 860 nm, the metal particles induce
an increase in the NW light absorption. For other wavelengths such as 700 nm the presence
of nanoparticles reduces the absorption in the NW or no observable changes can be detected
(490 nm).
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Figure 2. (a) Calculated absorption efficiency map for an NW lying on a semi-
infinite SiO2 substrate as a function of the radius and excitation wavelength. The
dashed lines are used as a guide to the eye in the identification of the leaky mode
resonances. (b) The same calculation in the case of a substrate consisting of 1µm
of SiO2 and a semi-infinite Si substrate. (c) Comparison between experimental
photocurrent measurements and absorption efficiency simulations for nanowires
with different diameters: 344, 330 and 266 nm.
3. Optical absorption of bare nanowires (NWs)
We start by studying the optical absorption properties of the bare NWs (without the metal
nanoparticles). As mentioned above, the absorption of light in a single NW is governed by
the existence of LMRs [15, 42] in which the NW is treated as a sub-wavelength resonator.
Assuming an infinitely long cylinder, the excitation of leaky modes can be predicted analytically
as a function of the dielectric constant and wire diameter by analytically solving Maxwell’s
equations with appropriate boundary conditions. The same modes in NWs of a more complex
cross section can also be computed using a full-field finite-difference frequency-domain (FDFD)
simulation [43]. Using this approach, the exact hexagonal geometry of the NW can be precisely
considered. Figure 2(a) shows FDFD-simulated absorption efficiency (AE) maps as a function
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sitting on a semi-infinite SiO2 substrate.
We define the AE as the ratio between the energy flux absorbed in the NW and the energy
flux impinging the projected area of the NW, which is equal to the ratio of the absorption and
geometrical cross sections of the NW. The magnitude of the AE may exceed 1 if the wavelength
and NW diameter match a strong resonance mode and the NW effectively performs an antenna
function. Since the circumference of the NWs used in this study is relatively large compared
to the excitation wavelength in the high-index semiconductor, several high-order modes are
supported. The dashed white lines in the picture refer to the occurrence of resonant modes. The
labels D, Q and H are used to name the resonances involved; they stand, respectively, for dipole,
quadruple and hexapole, from the number and symmetry of the maxima of the electromagnetic
field involved in the resonance. The physical meaning of this nomenclature will be used in the
rest of the paper and will be clearer in the next section. A two-dimensional plot of the calculated
AE as a function of the wavelength and diameter of the NW for the substrate geometry used in
the experiment is shown in figure 2(b). The substrate consists of an oxidized Si wafer with a
1µm thick SiO2 layer. In our analysis of the NW photocurrent spectra, it is important to point
out that the substrate can play an important role and that the absorption in the wire oscillates
as a function of the SiO2 layer thickness. In fact, the NW is now part of a low-quality-factor
Fabry–Pe´rot cavity for which two mirrors correspond to the interface with the high-refractive-
index Si substrate and the NW itself. The interference between the Fabry–Pe´rot and the NW
resonances gives rise to the strong modulation in the AE seen in figure 2(b). Interestingly, the
coupling between the two cavities can give rise to an increase in the NW AE up to 50% with
respect to an NW embedded in a constant dielectric environment (e.g. in a matrix or suspended
in air).
Next, we relate the calculated spectral dependence of the AE to the measured photocurrent
spectra. It is possible to relate these two quantities directly by assuming that the internal
quantum efficiency is wavelength and spatially independent. For this to be realistic the extension
of the depletion region should cover most of the NW cross section and the thermalization of
carriers should occur at a much higher rate than the carrier recombination. The results obtained
for three NWs with diameters of 266, 330 and 344 nm are presented in figure 2(c). The blue
curves indicate the photocurrent measurements renormalized to the incoming photon flux, while
the green ones show the calculated AEs. In all cases, the photocurrent tends to decrease when the
wavelength is increased towards the GaAs bandgap (872 nm at room temperature). As expected
from the calculations reported before, we observe several oscillations in the photocurrent
that are related to the interplay between the NW resonances and the underlying SiO2 cavity.
For all three NW diameters the experimental curve is in quite good agreement with the
calculated AE.
4. Optical absorption of NWs decorated with metal particles
Having shown the absorption properties of the bare NWs and the important role of the substrate,
we move forward to investigate the interaction of the wire with the silver nanoparticles.
In figure 3(a), we show the AE map of an NW with a silver particle located on the top
facet, as a function of NW diameter and excitation wavelength. The simulation is performed
considering an infinite SiO2 substrate in order to highlight the effect of the metal particles
and to decouple it from the interference generated by the substrate. A complete simulation
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Figure 3. (a) Simulation of the absorption efficiency for an NW with metal
particles deposited on the top facet with respect to the nanowire radius and
wavelength. The different letters label the resonant modes of the nanowire:
H—hexapole, Q—quadrupole, D—dipole, DRS—dipole red shifted. (b) Plots of
the absolute value of the magnetic field in the z-direction. The left column shows
the field patterns in a 266 nm diameter NW obtained without metal particles
for the different resonant modes while in the right one the modification of these
patterns by the metal particle is reported. The color scale used is the same for
the picture in the left and in the right column. (c) Photocurrent as a function of
the incoming wavelength for a bare nanowire with a diameter of 266 nm (blue)
and for a nanowire with a particle (red). (d) Simulation of absorption efficiency
for the same nanowire diameter with (light blue) and without (magenta) metal
particles.
considering the sum of the two interactions is reported in the supplementary material (available
from stacks.iop.org/NJP/13/123026/mmedia).
Similarly to the bare NW case, we observe that the existence of LMRs dominates the
features of the absorption spectrum. For an easier comparison, we indicate the spectral position
of the resonances for the case of the bare NWs (white dashed lines). Counter-intuitively, the
presence of the metal particles results in a change in the intensity and a shift of the LMRs.
Interestingly, each of the LMRs is perturbed in a different way. In order to understand this,
one needs to consider the nature of each of the LMRs. The first one (D) shifts to longer
wavelengths (DRS), the second one (Q) disappears and the third one (H) becomes more intense.
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couples to and only indirectly on the wavelength and diameter at which the mode occurs.
We now turn our attention to understanding how the spectral dependence of the
photocurrent generation can be tailored and enhanced by engineering the coupling of the NW
modes and plasmonic modes of the metal particles. To this end, it is important to understand
the field distribution inside the semiconductor NW, where absorption and electron–hole pair
generation take place. The field distribution in the NW is related to the modal interaction of the
NW modes and plasmonic modes of the particle. The nature and strength of this interaction are
related to the field distributions and the symmetry of the relevant interacting modes. At different
excitation frequencies different modes in the NW and metal particles are excited and different
interactions can be expected.
Maps of the field patterns obtained under resonant excitation of modes with D, Q and H
symmetry in a 266 nm diameter NW are reported in the left column of figure 3(b). The field
maps in the right column of figure 3(b) show how these field distributions are modified due to
the presence of a metallic nanoparticle. The spatial distribution of this field component most
clearly visualizes the multipolar symmetry of the NW and best highlights the presence of SPs.
We will use these maps to explain the trends in the experimentally observed photocurrent
measurements (figure 3(c)) and corresponding simulated absorption spectra. To facilitate a
simple analysis, we have indicated the different multipolar resonances with vertical dashed
lines. Comparing the last two figures, one can see that not only is the qualitative behavior of
the modes well described by the simulations, but also the relative intensity of the variations is
in excellent agreement.
As we increase the illumination wavelength, we can see in the field plots and spectra that we
can sequentially excite hexapolar (H), quadrupolar (Q) and ultimately dipolar (D) resonances.
Just as the field distribution in the NW changes with increasing wavelength, the SP-related fields
around the metallic nanoparticle evolve as well. At short wavelengths where the H mode of the
NW is excited (top field map), a high magnetic field intensity can be observed across the top
of the metallic particle. In general, the presence of high magnetic fields right at a metal/air
interface that decays rapidly away into the metal and dielectric is characteristic of an SP exci-
tation. These magnetic fields are related to the collective electron current oscillations (SP) via
Ampere’s law. The presence of a single maximum on the top of the metallic nanoparticle indi-
cates a lowest-order SP resonance with roughly half of an SP wavelength, λsp/2, fitting across
the top width of the particle [44]. A higher order (3λsp/2) resonance weakly excited (slightly off
resonance) appears at the interface between the metal particle and high-index GaAs NW. The
excitation of this latter SP resonance provides minor enhancement in the fields in the NW and
thus gives rise to a relatively small but measurable boost in the light absorption/photocurrent in
both the experiment (figure 3(c)) and simulation (figure 3(d)). As the wavelength is increased,
the NW first exhibits a Q resonance. The absence of a resonance in the metal particle in this
frequency range results in an overall suppression of the fields in the NW and a reduction in
the photocurrent. It can be seen that the presence of the nanoparticle effectively suppresses one
of the modal field maxima in the wire. Near the D resonance frequency of the wire, there is a
significant boost in the measured photocurrent (up to a factor 1.5) and simulated absorption (up
to a factor 2.5). At this long wavelength, one effectively drives a strong λsp/2 SP mode at the
interface between the metal particle and the NW, which enhances the fields inside the wire. As
a consequence, there is a spatial shift of one of the two poles of the mode toward the metal that
is required to ensure maximum magnetic field intensity at the metal semiconductor boundary
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Figure 4. (a) Simulation of the absorption efficiency for an NW with metal
particles deposited on the side facets with respect to the nanowire radius and
wavelength. The different letters name the resonant modes of the nanowire:
H—hexapole, Q—quadrupole, D—dipole, DBS—dipole red shifted. (b) Plots
of the absolute value of the magnetic field in the z-direction. The left column
shows the field profiles obtained without metal particles for the different resonant
modes while the right column shows the modification of the mode by the metal
particle. The color scale used is the same for picture in the left and in the right
column. (c) Photocurrent as a function of the incoming wavelength for a bare
nanowire with a diameter of 344 nm (blue) and for a nanowire with a particle
(red). (d) Simulation of absorption efficiency for the same nanowire diameter
with (light blue) and without (magenta) metal particles.
(characteristic of the SP excitation). Effectively, this makes the wire appear slightly larger and
intuitively the resonance should shift to longer wavelengths. Such a red shift in the dipolar reso-
nance of the individual wire to a metal decorated wire is indeed observed going from D to DRS.
We now turn to the role of the nanoparticles’ exact location on the NW facets. We have
seen how the presence of the surface plasmon polaritons (SPPs) on the NW top facet changes
the field distribution of the modes. It is therefore reasonable to expect that changing the position
of the metal nanoparticles will give rise to different interactions between NW and SP fields.
This constitutes a further handle on the engineering of light absorption in the NWs. We have
performed the FDFD AE calculations and spectral photoconductivity experiments (figure 4) in
NWs having nanoparticles sitting on the top side facets, as shown in the inset of figure 4(a)
and simulations shown in the right column in figure 4(b). In this case the simulated absorption
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Figure 5. Simulation of the ratio of absorption efficiency between the nanowire
with particles and the bare nanowire, as a function of thickness of the SiO2
separator layer and wavelength. The dashed white line represents the energy
position of the GaAs band gap.
spectra also exhibit good overall agreement with the experimental data collected with an NW
of 344 nm diameter (figures 4(c) and (d)). The fact that two quadrupole-like modes appear is
the consequence of the mode interference with the silicon dioxide cavity below the NW, which
gives rise to a modulation of the resonance.
As expected, the interaction generates a different effect on the AE spectrum. In this case
both the hexapole- and quadrupole-like modes of the wire undergo a strong suppression. The
field distributions show that SPs are primarily excited on the metal/air interfaces, where they do
not contribute to the absorption in the NW and thus the photocurrent. Near the dipolar resonance,
an SP resonance [44] is excited for which approximately a full λsp fits along the interface
between the NW and metal particle. Driving that resonance can enhance the photocurrent
at the long wavelength side of the spectrum and thus increase the operational bandwidth of
GaAs-based NW photo-detectors.
Finally, we predict that light absorption can be manipulated even further by varying one
more key geometrical parameter: the thickness of the SiO2 spacer between the NW and the metal
nanoparticles. Here, we focus our attention on the region around the band gap for two reasons:
(i) the optical absorption here is intrinsically low; (ii) it is the relevant energy region for optical
interconnections, where the emitter and the detector should be in the same spectral region. We
have analyzed in more detail the dipole-like resonance in the case of metal particles sitting on
the NW top facet. Figure 5 shows the ratio between AEs with and without the metal particles as
a function of spacer thickness and wavelength, for an NW with a diameter of 250 nm.
The resonance peak can be tuned over about 80 nm by varying the separator thickness
between 0 and 10 nm. The peak position is determined by the SPP frequency, which is a
consequence of fulfilling a resonance condition for the SPs traveling back and forth between
the two extremities of the metal particle [44]. The high tunability of the resonance position as
a function of the oxide thickness is a consequence of the large variation of the refractive index
experienced by the SP mode when the spacer thickness is varied. For small enough thicknesses,
the SP mode overlaps partially with the low-index oxide and partially with the high-index
semiconductor NW. When the oxide layer is thickened, the effective mode index of the SP
decreases, with a consequent increase of the SP wavelength. As a consequence, the resonant
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Figure 6. (a) Simulation of the absorption efficiency for an NW with metal
particles deposited on the top facet with respect to the nanowire radius
and wavelength. Differently from figure 3(a), the simulation is performed
considering the real substrate consisting of a Si substrate coated with 1µm SiO2.
(b) The same simulation calculated for particles located on the side facets. The
white-dashed lines are used to indicate the position of the resonant modes for
bare NWs lying on a semi-infinite SiO2 substrate.
Figure 7. Typical I–V curve of an NW solar cell, showing the rectifying behavior,
in the dark (black curve) and under an illumination of 1 sun (red curve).
condition is met for shorter wavelengths and a blue shift of the resonance in the absorption
occurs. Additionally, we find that by choosing the SiO2 thickness appropriately, the AE at the
band gap can be increased up to five times. The fact that the highest absorption in the NW occurs
for a few nanometers spacing and not at zero spacing may seem counter-intuitive. However, it
is now well established from research on plasmon-enhanced photovoltaics that particles need to
be spaced by a few nanometers from an absorbing semiconductor to avoid significant damping
of the SP resonance [41] (figures 6 and 7).
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5. Conclusion
In conclusion, we demonstrate how light absorption in NWs through the LMRs can be further
engineered by choosing the appropriate geometry of the substrate and the interaction with SP
modes on the particles. We demonstrate this for NWs with relatively large diameters, where the
leaky modes were expected to play a less significant role (about 300 nm). The interaction of the
leaky modes with the substrate is shown to generate a modulation effect on each resonant mode:
the light absorption intensity of each leaky mode changes in an oscillatory way with the diameter
and the illumination wavelength. We show how the conditions of constructive interference can
boost the NW absorption up to 50%. The interaction with the metal particles gives rise to
variations that are critically dependent on the symmetry of the wire and metal particle modes.
These can be engineered to enhance, suppress or even shift the resonant absorption peaks.
The importance of the mode symmetry is also confirmed by spatially modifying the modal
interaction through a different placement of the particles. As an example, we have shown that
with the placement of particles on different facets and controlling the particle wire distance
with a spacer oxide, the NW absorption near the band gap energy can be increased by a factor
of 5. These findings give new degrees of freedom for engineering light absorption in NWs,
bringing new design rules in the planning of opto-electronic devices such as photo-detectors or
solar cells.
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